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1. INTRODUCTION {#rth212068-sec-0007}
===============

Megakaryocytes are unique hematopoietic cells. Their maturation involves unusual processes of polyploidisation[1](#rth212068-bib-0001){ref-type="ref"} and proplatelet formation[2](#rth212068-bib-0002){ref-type="ref"} regulated by dynamic changes in transcription factors such as GATA1, NF‐E2, FLI1, and RUNX1.[3](#rth212068-bib-0003){ref-type="ref"}, [4](#rth212068-bib-0004){ref-type="ref"} Thrombopoietin (TPO) is the main humoral driver of megakaryopoiesis.[5](#rth212068-bib-0005){ref-type="ref"}, [6](#rth212068-bib-0006){ref-type="ref"} However, TPO does not regulate proplatelet formation,[7](#rth212068-bib-0007){ref-type="ref"} a process requiring complex remodelling of cytoskeletal elements, including actin and microtubules.[8](#rth212068-bib-0008){ref-type="ref"}, [9](#rth212068-bib-0009){ref-type="ref"}

The contribution from intracellular calcium ions (Ca^2+^) to megakaryocytic differentiation remains poorly understood but is an area of active research due to the discovery that 30% of patients with essential thrombocythaemia (ET) and primary myelofibrosis (PMF) harbor mutations in the *CALR* gene that encodes calreticulin.[10](#rth212068-bib-0010){ref-type="ref"}, [11](#rth212068-bib-0011){ref-type="ref"} Calreticulin is highly expressed in megakaryocytes and buffers Ca^2+^ in the endoplasmic reticulum (ER).[12](#rth212068-bib-0012){ref-type="ref"}, [13](#rth212068-bib-0013){ref-type="ref"} Mutations impair calreticulin ability to bind Ca^2+^,[14](#rth212068-bib-0014){ref-type="ref"} which remodels Ca^2+^ pathways in mutated cells.[15](#rth212068-bib-0015){ref-type="ref"} Megakaryocytes derived from patients with type 1 *CALR* mutations display stronger Ca^2+^ signals upon activation.[15](#rth212068-bib-0015){ref-type="ref"} Peak values for both Ca^2+^ release from the ER stores and Store‐Operated Ca^2+^ Entry (SOCE) are higher in these cells, compared with patients with type 2 *CALR* or *JAK2* V617F mutations, or in healthy subjects.

SOCE is initiated when Stromal Interaction Molecule 1 (STIM1) senses depletion of Ca^2+^ stores in the ER.[16](#rth212068-bib-0016){ref-type="ref"} Uncontrolled SOCE can be pathogenic, as mice with the constitutively active *Stim1* ^Sax^ mutation develop marrow fibrosis and splenomegaly, akin to human PMF.[17](#rth212068-bib-0017){ref-type="ref"} Normal megakaryocytic differentiation requires fine regulation of SOCE.[18](#rth212068-bib-0018){ref-type="ref"} TPO increases expression of molecules that facilitate SOCE, including those that release and refill intracellular Ca^2+^ stores.[19](#rth212068-bib-0019){ref-type="ref"}, [20](#rth212068-bib-0020){ref-type="ref"}, [21](#rth212068-bib-0021){ref-type="ref"}, [22](#rth212068-bib-0022){ref-type="ref"} Emerging data indicate that SOCE peaks during proplatelet formation and contributes to megakaryocyte adhesion and motility.[23](#rth212068-bib-0023){ref-type="ref"}

The main pathway for SOCE in megakaryocytes is through Ca^2+^‐Release Activated Ca^2+^ channels formed by the ORAI1 proteins (in Greek mythology, Orai were the gatekeepers of heaven).[24](#rth212068-bib-0024){ref-type="ref"} However, megakaryocytes also express other Ca^2+^ channels, including transient receptor potential cation (TRPC),[25](#rth212068-bib-0025){ref-type="ref"} P2X,[26](#rth212068-bib-0026){ref-type="ref"} P2Y,[27](#rth212068-bib-0027){ref-type="ref"}, [28](#rth212068-bib-0028){ref-type="ref"} nicotinic cholinergic[29](#rth212068-bib-0029){ref-type="ref"} and *N*‐methyl‐[d]{.smallcaps}‐aspartate (NMDA) receptors (NMDARs).[30](#rth212068-bib-0030){ref-type="ref"}, [31](#rth212068-bib-0031){ref-type="ref"} NMDARs are non‐specific cation channels with high Ca^2+^ permeability activated by extracellular glutamate.[32](#rth212068-bib-0032){ref-type="ref"} Although NMDARs have been best characterized in neurons, their functions in non‐neuronal cells are being increasingly recognized, including in megakaryocytes.[30](#rth212068-bib-0030){ref-type="ref"}, [31](#rth212068-bib-0031){ref-type="ref"}, [33](#rth212068-bib-0033){ref-type="ref"} Previous findings on the NMDAR function in megakaryocytic cells have been somewhat conflicting; both pro‐[30](#rth212068-bib-0030){ref-type="ref"}, [31](#rth212068-bib-0031){ref-type="ref"} and anti‐[33](#rth212068-bib-0033){ref-type="ref"} differentiating effects have been shown in different cell types.

Motivated by the unclear role of megakaryocytic NMDARs and the clinical importance of Ca^2+^ pathways in ET and PMF, we examined NMDAR effects in multiple culture models of normal and leukemic megakaryocytes. Our results revealed that the impact of NMDAR activity on normal and leukemic cells is almost opposite, suggesting that leukemic cells remodel Ca^2+^ pathways to inhibit differentiation.

2. MATERIALS AND METHODS {#rth212068-sec-0008}
========================

2.1. Cultures of cell lines {#rth212068-sec-0009}
---------------------------

Three human leukemia cell lines were used in this work: Meg‐01, Set‐2 (German Collection of Microorganisms and Cell Cultures \[DSMZ\], Braunschweig, Germany) and K‐562 (American Type Culture Collection \[ATCC\], Manassas, VA). Cell lines were grown in supplemented RPMI‐1640, as before.[33](#rth212068-bib-0033){ref-type="ref"} To induce differentiation, cells were seeded in 6‐well plates at 2 × 10^5^ cells per well and cultured in the presence of phorbol‐12‐myristate‐13‐acetate (PMA; 10 or 25 nmol L^−1^) for 3 days[34](#rth212068-bib-0034){ref-type="ref"} or valproic acid (VPA; 500 μmol L^−1^) for 7 days[35](#rth212068-bib-0035){ref-type="ref"} (both from Sigma‐Aldrich, Saint Louis, MO). [l]{.smallcaps}‐glutamic acid (glutamate) and NMDA were used as NMDAR agonists (50‐500 μmol L^−1^); memantine (3,5‐dimethyl‐1‐adamantanamine hydrochloride) and MK‐801 (\[+\]‐MK‐801 hydrogen maleate) as NMDAR antagonists (25‐100 μmol L^−1^; Sigma‐Aldrich). Cell viability was measured using 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) assay (Thermo‐Fisher Scientific, Waltham, MA). Cell proliferation was quantified from the amount of 5‐bromo‐2′‐deoxyuridine (BrdU) incorporated into synthesized DNA using Cell Proliferation ELISA kit (Roche‐Applied Science, San Diego, CA).

2.2. Isolation and cultures of primary mouse megakaryocytes {#rth212068-sec-0010}
-----------------------------------------------------------

### 2.2.1. Collection of mouse bone marrow {#rth212068-sec-0011}

Bone marrow was collected from male C57BL/6 mice at 8 weeks of age, as approved by the Institutional Animal Ethics Committee (13/R1245). Bone marrow was flushed out of bones with CATCH buffer (in mmol L^−1^: 5.3 KCl, 0.44 KH~2~PO~4~, 137 NaCl, 4.17 NaHCO~3~, 0.338 Na~2~HPO~4~, 5.56 glucose, 12.9 sodium citrate, 1.0 adenosine, 2.0 theophylline, 3% FCS \[volume per volume; v/v\], 3% BSA \[weight per volume; w/v\]). Disaggregated cells were passed through a 100 μm nylon mesh filter and centrifuged at 180 *g* for 10 minutes. Pelleted cells were re‐suspended in CATCH buffer, overlaid over 1.050 g cm^−3^ Percoll (Sigma‐Aldrich) and spun at 400 *g* for 30 minutes at room temperature (RT) with no brake. Cells were collected from the Percoll interphase, washed three times in CATCH buffer by centrifugation at 180 *g* for 10 minutes and re‐suspended in CATCH buffer to 10^8^ cells mL^−1^.

### 2.2.2. Cultures of CD41a‐positive precursors {#rth212068-sec-0012}

Megakaryocytic precursors were purified using Magnetic Activated Cell Sorting (MACS) kit with anti‐PE microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany). Briefly, cells were incubated with anti‐CD41a‐PE antibody diluted 1:20 for 15 minutes. Cells were washed, re‐suspended in CATCH buffer and incubated with anti‐PE microbeads. Unbound microbeads were removed by washing in CATCH buffer. Re‐suspended cells were filtered through a pre‐wet 100 μm nylon mesh and passed through equilibrated LS MiniMACS columns. Labelled cells were eluted, pelleted by centrifugation, re‐suspended in PBS and cultured in StemSpan Serum‐Free Expansion Medium II (SFEM II; StemCell Technologies, Vancouver, BC) containing 30 nmol L^−1^ TPO (Thermo‐Fisher Scientific) for 3 days.

### 2.2.3. Cultures of lineage‐negative progenitors {#rth212068-sec-0013}

Mouse bone marrow was obtained as above. Red cells were lysed in an ice‐cold ACK buffer (in mmol L^−1^: 155 NH~4~CL, 10 KHCO~3~, 0.1 EDTA) for 2 minutes and the lysis was stopped by adding an equal volume of PBS. Cells were passed through a 100 μm nylon mesh, spun at 300 *g* for 10 minutes and adjusted to a density of 2 × 10^7^ cells per mL using MACS buffer (PBS containing 0.5% BSA, 5 mmol L^−1^ EDTA, 100 U mL^−1^ penicillin and 100 μg mL^−1^ streptomycin). Hematopoietic progenitors were isolated using a Lineage‐depletion kit (Miltenyi) employing a cocktail of biotinylated antibodies targeting: CD5, CD45R (B220), CD11b, Gr‐1 (Ly‐6G/C), 7‐4 and Ter‐119, followed by anti‐biotin microbeads. Cells were spun at 300 *g* for 10 minutes and passed through MS MiniMACS columns. Unlabeled (lineage‐negative) cells were washed once in StemSpan SFEM II, plated at 0.5 × 10^6^ cells per well in 6‐well plates and cultured for 4 days in the presence of 40 nmol L^−1^ TPO.

### 2.2.4. Cultures of bone marrow explants {#rth212068-sec-0014}

Bone marrow explants were obtained and cultured as described.[36](#rth212068-bib-0036){ref-type="ref"} Briefly, intact bone marrow cores were gently flushed out from mouse femurs using CATCH buffer, placed on Superfrost glass slides (Thermo‐Fisher Scientific) flooded with CATCH buffer and cut into transverse sections of 0.5‐1 mm thickness. Up to 10 sections were transferred to air‐tight imaging chamber gaskets (CoverWell, Thermo‐Fisher Scientific) filled with Tyrode\'s buffer (an isosmotic phosphate buffer pH 7.35 containing 0.1% sucrose \[w/v\], 0.35% human serum albumin \[w/v\], 2 mmol L^−1^ CaCl~2~, 1 mmol L^−1^ MgCl~2~ and 5% mouse serum \[obtained in‐house\]). Explants were separated from each other and cultured at 37°C for 10 hours.

2.3. Flow cytometry {#rth212068-sec-0015}
-------------------

### 2.3.1. Cell lines {#rth212068-sec-0016}

Suspended cells were collected from culture media by centrifugation at 100 *g*; adherent cells were lifted using 0.05% trypsin in 0.33 mmol L^−1^ EDTA. NMDAR subunits were tested using the following primary antibodies: anti‐GluN1 (556308, BD Biosciences, San Jose, CA), anti‐GluN2A (sc‐9056, Santa Cruz Biotechnology, Santa Cruz, CA), anti‐GluN2D (sc‐10727, Santa Cruz), as before.[37](#rth212068-bib-0037){ref-type="ref"} Anti‐ CD41a and CD61 antibodies (FITC‐ and PE‐conjugated, respectively; BD Biosciences) were diluted 1:20 and incubated with cells for 20 minutes at RT. Ploidy was determined using propidium iodide (PI; 20 μg mL^−1^; Thermo‐Fisher Scientific).[33](#rth212068-bib-0033){ref-type="ref"}

Platelet--like particles were examined as described.[35](#rth212068-bib-0035){ref-type="ref"} Briefly, nucleated cells were collected by centrifugation at 100 *g* and the supernatant was re‐spun at 1500 *g* (both for 10 minutes). Pelleted particles were re‐suspended in ice‐cold RPMI‐1640 (supplemented with 10% FBS and 0.02% sodium azide) to 2 × 10^5^ mL^−1^. Anti‐ CD41a‐FITC and CD61‐PE antibodies were incubated as above.

### 2.3.2. Primary cells {#rth212068-sec-0017}

Megakaryocytes were enriched on a discontinuous density gradient (1.5‐3%) of bovine serum albumin (BSA; Thermo‐Fisher Scientific) followed by velocity sedimentation for 60 minutes at 1 *g*. Cells were collected from the bottom of the tube and suspended in StemSpan SFEM II media with 5% FBS. Expression of CD41a was tested as described above for cell lines. Nuclear ploidy was examined using Hoechst stain (10 μg mL^−1^) incubated with cells at 37°C for 3 hours.

All flow cytometry data was acquired on a BD LSRII and analyzed using the following software: FACSDiva version 6.1.1 (BD Biosciences), FlowJo version 7.0 (TreeStar, Ashland, OR) and ModFit LT version 3.11 (for ploidy data; Verity Software House, Topsham, ME). Cells were gated based on forward and side scatter characteristics (FSC‐A -- SSC‐A); cell doublets were excluded based on SSC‐H -- SSC‐A and FSC‐H -- FSC‐A (Figure [S1](#rth212068-sup-0001){ref-type="supplementary-material"}). Platelet‐like particles were examined using gates established by testing of human peripheral blood platelets (Figure [S2](#rth212068-sup-0001){ref-type="supplementary-material"}).[37](#rth212068-bib-0037){ref-type="ref"}, [38](#rth212068-bib-0038){ref-type="ref"}

2.4. Monitoring of intracellular Ca^2+^ responses {#rth212068-sec-0018}
-------------------------------------------------

Meg‐01 cells were seeded in RPMI‐1640 glutamine‐free medium at 2 × 10^4^ cells per well in black, clear bottom 96‐well plates coated with fibronectin (50 μg mL^−1^ in PBS) and grown for 3 days. Cytoplasmic Ca^2+^ levels were monitored using Fluo‐4‐AM (acetoxymethyl ester) and a Fluo‐4‐NW Calcium Assay kit (Thermo‐Fisher Scientific) according to manufacturer\'s instructions; details were recently described.[39](#rth212068-bib-0039){ref-type="ref"} The imaging buffer contained 2.3 mmol L^−1^ CaCl~2~ and 1% FBS. The fluorescence signal was read from the bottom of the plate on an EnSpire 2300 Multimode Plate Reader (Perkin‐Elmer, Waltham, MA) with an excitation wavelength of 494 nm and emission at 516 nm. Baseline fluorescence was recorded for 10 seconds, after which the activator was added and imaging continued until 300 seconds. NMDAR antagonists were aliquoted into wells just before adding the activator. Fold changes in Ca^2+^ levels were calculated relative to a buffer or diluent controls using average fluorescence values recorded at baseline and 40 s after the addition of modulators, when Ca^2+^ responses were maximal.

2.5. Glutamate concentrations {#rth212068-sec-0019}
-----------------------------

Meg‐01 cells were seeded in 6‐well plates at 2 × 10^5^ cells per well and grown in the presence or absence of 500 μmol L^−1^ VPA for 7 days. On days 0, 4, and 7, media samples were collected and stored at −80°C until testing. Glutamate concentrations were determined in batched media using an Amplex Red Glutamic Acid/Glutamate Oxidase Assay kit (Thermo‐Fisher Scientific) according to manufacturer\'s instructions, with some modifications as we recently described.[39](#rth212068-bib-0039){ref-type="ref"} Fluorescence was read on an EnSpire 2300 plate reader using excitation of 530 nm and emission at 590 nm.

2.6. Molecular work {#rth212068-sec-0020}
-------------------

RNA isolation, cDNA synthesis and reverse transcription (RT) PCR were performed as before.[37](#rth212068-bib-0037){ref-type="ref"} Primer sequences and PCR conditions were provided in Kamal et al. and Kalev‐Zylinska et al.[33](#rth212068-bib-0033){ref-type="ref"}, [37](#rth212068-bib-0037){ref-type="ref"}

2.7. Cell ultrastructure and immunofluorescence {#rth212068-sec-0021}
-----------------------------------------------

Our method for transmission electron microscopy (TEM) was previously described.[37](#rth212068-bib-0037){ref-type="ref"} Filamentous actin (F‐actin) was visualized using Alexa Fluor 488 Phalloidin (Thermo‐Fisher Scientific).[40](#rth212068-bib-0040){ref-type="ref"}

2.8. Statistical analysis {#rth212068-sec-0022}
-------------------------

Statistical analysis was conducted using GraphPad Prism 5.0 (San Diego, CA) software for Windows. Data are shown as mean ± standard error of the mean (SEM). Mean differences between groups were analyzed by one‐way or two‐way analysis of variance (ANOVA), as indicated with Dunnett\'s post‐hoc. Bonferroni correction was applied to multiple comparisons. *P* values less than .05 were considered statistically significant.

3. RESULTS {#rth212068-sec-0023}
==========

3.1. NMDARs facilitate PMA‐ and VPA‐induced differentiation of Meg‐01 cells {#rth212068-sec-0024}
---------------------------------------------------------------------------

NMDAR involvement in megakaryocytic differentiation was first examined using a traditional PMA‐driven model of cell line differentiation[34](#rth212068-bib-0034){ref-type="ref"} (Figure [S3](#rth212068-sup-0001){ref-type="supplementary-material"}). Three human cell lines, Meg‐01, K‐562, and Set‐2, were tested for differentiation responses to PMA over 3 days, which identified that Meg‐01 cells differentiated best. While K‐562 and Set‐2 cells remained small, round and in suspension (data not shown), Meg‐01 cells displayed obvious features of megakaryocytic differentiation, including large, adherent morphology and proplatelet‐like cytoplasmic extensions (Figure [S3](#rth212068-sup-0001){ref-type="supplementary-material"}A). In keeping with these appearances, cell marker studies revealed increased expression of CD41a and CD61 (Figure [S3](#rth212068-sup-0001){ref-type="supplementary-material"}B). Signs of differentiation were stronger when PMA was applied at 25 nmol L^−1^ but cell damage also developed, hence subsequent studies used 10 nmol L^−1^ PMA to provide a model in which to determine NMDAR involvement in megakaryocytic differentiation. When added to 10 nmol L^−1^ PMA, memantine and MK‐801 (25 and 100 μmol L^−1^) attenuated PMA‐driven expression of CD41a and CD61, suggesting NMDAR involvement in megakaryocytic differentiation (Figures [1](#rth212068-fig-0001){ref-type="fig"}A and [S4](#rth212068-sup-0001){ref-type="supplementary-material"}A; data for CD41a not shown).

![Effects of NMDAR antagonists on differentiation of Meg‐01 cells. (A‐D) Differentiation of Meg‐01 cells was induced using 10 nmol L^−1^ PMA over 3 days (A) and 500 μmol L^−1^ VPA over 7 days. (B‐D) Effects of NMDAR antagonists (memantine and MK‐801; 25 and 100 μmol L^−1^) were examined on CD61 expression (A, B), nuclear ploidy (C) and the production of platelet‐like particles (D), all using flow cytometry. Bar graphs in A and B show a fold change in CD61 expression caused by memantine and MK‐801 relative to PMA (in A) and VPA (in B). Flow cytometry gates on single Meg‐01 cells are shown in Figure [S1](#rth212068-sup-0001){ref-type="supplementary-material"} and representative histogram examples of CD61 expression in Figure [S4](#rth212068-sup-0001){ref-type="supplementary-material"}. (C) Effects of memantine and MK‐801 on nuclear ploidy in the presence of VPA; 2, 4, 8, and 16 N indicate classes of nuclear ploidy. (D) Enumeration of CD61‐positive platelet‐like particles produced by Meg‐01 cells in the presence of VPA, without and with NMDAR antagonists. Flow cytometry gates are shown in Figure [S2](#rth212068-sup-0001){ref-type="supplementary-material"} and representative histogram examples of CD61 expression in Figure [S6](#rth212068-sup-0001){ref-type="supplementary-material"}. (E‐G) Effects of NMDAR antagonists on spontaneous differentiation of Meg‐01 cells (with no PMA or VPA added). Bars show effects of memantine and MK‐801 on: CD61 expression (E; tested by flow cytometry), cell numbers (F; using MTT assay) and cell proliferation (G; from BrdU incorporation). All graphed data are mean ± SEM obtained from three independent experiments. Statistical significance is shown (\**P *\<* *.05; \*\**P *\<* *.01; \*\*\**P *\< .001). Data were analyzed by one‐way ANOVA with Dunnett\'s post‐hoc*,* except for ploidy that was analyzed by two‐way ANOVA with Bonferroni correction for multiple comparisons. BrdU, 5‐bromo‐2′‐deoxyuridine; DMSO, dimethyl sulfoxide; MFI, Mean Fluorescence Intensity; MTT, 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide; ns, non‐significant; PI, Propidium Iodide; PMA, phorbol‐12‐myristate‐13‐acetate; VPA, valproic acid](RTH2-2-125-g001){#rth212068-fig-0001}

PMA acts by activating protein kinase C (PKC)[41](#rth212068-bib-0041){ref-type="ref"} and PKC phosphorylates and activates NMDAR proteins directly.[42](#rth212068-bib-0042){ref-type="ref"} We thus asked whether NMDAR contribution to PMA effects was a simple consequence of PKC overactivation specific to this model, and not a true reflection of NMDAR involvement in megakaryocytic differentiation. We employed VPA as an alternative pro‐differentiating chemical that works primarily by modulating transcription.[43](#rth212068-bib-0043){ref-type="ref"} VPA (500 μmol L^−1^) induced potent differentiation of Meg‐01 cells with little toxicity (Figure [S5](#rth212068-sup-0001){ref-type="supplementary-material"}). Despite its different mechanism of action, NMDAR antagonists inhibited VPA effects. Similar to what we found in the presence of PMA, memantine and MK‐801 (25 and 100 μmol L^−1^) reduced VPA‐driven expression of CD61, nuclear ploidy and the release of platelet‐like particles (Figures [1](#rth212068-fig-0001){ref-type="fig"}B‐D, [S4](#rth212068-sup-0001){ref-type="supplementary-material"}B and [S6](#rth212068-sup-0001){ref-type="supplementary-material"}). Taken together, our results argued that active NMDARs were required for chemically‐induced differentiation of Meg‐01 cells.

3.2. Paradoxically, NMDARs increase proliferation of Meg‐01 cells {#rth212068-sec-0025}
-----------------------------------------------------------------

Unexpectedly, when used without PMA and VPA, NMDAR inhibitors increased differentiation of Meg‐01 cells. This was evidenced by the enhanced expression of CD61, lower cell numbers and less proliferation when cells were cultured with 100 μmol L^−1^ memantine and MK‐801, compared with DMSO‐treated controls (Figure [1](#rth212068-fig-0001){ref-type="fig"}E‐G). Morphologically, when NMDAR inhibitors were present, cells became larger, acquired nuclear lobulation and cytoplasmic extensions. In addition, distinct cytoplasmic vacuoles developed, some of which were quite large, others small and located mostly in the Golgi and peri‐nuclear regions (Figure [2](#rth212068-fig-0002){ref-type="fig"}A, B). TEM analysis suggested that these vacuoles represented endolysosomes or dilated ER; other ultrastructural changes observed in the presence of NMDAR antagonists included atypical appearances of dense granules and the paucity of mitochondria (Figure [2](#rth212068-fig-0002){ref-type="fig"}C).

![Effects of NMDAR antagonists on the morphology of Meg‐01 cells. Meg‐01 cells were cultured for 3 days in the presence of DMSO (0.1%; negative control), memantine and MK‐801 (both at 100 μmol L^−1^). (A) Live cells were imaged under phase contrast; fixed cells after Giemsa staining (B) and under transmission electron microscopy (TEM; C). TEM sections were examined in a Tecnai G2 Spirit Twin microscope (FEI Company, Hillsboro, OR) equipped with a Morada camera (Olympus‐Soft Imaging Solutions, Singapore). Other images were taken using Eclipse microscopes (Nikon, Tokyo, Japan), inverted (A) or upright (B). All images are representative of at least three independent experiments. Examples of the following morphological features are pointed to: large and small cytoplasmic vacuoles (black and white arrows, respectively); multi‐lobulated nuclei (blue arrows); an increased amount of cytoplasm with cytoplasmic extensions (yellow arrows and arrowheads, respectively); dense granules (black arrowheads) and mitochondria (white arrowhead, evident only under control conditions). Scale bars are shown](RTH2-2-125-g002){#rth212068-fig-0002}

3.3. NMDAR functionality increases in differentiated Meg‐01 cells {#rth212068-sec-0026}
-----------------------------------------------------------------

Intrigued by the evidence that NMDARs modulate differentiation of Meg‐01 cells, we sought a link between the state of cell differentiation and the NMDAR activity.

Meg‐01 cells were differentiated using VPA over 7 days (as described above) followed by testing of NMDAR expression and glutamate release (Figure [3](#rth212068-fig-0003){ref-type="fig"}A, B). Surface expression of the main three NMDAR subunits, GluN1, GluN2A, and GluN2D was examined by flow cytometry and glutamate content was measured in media samples collected on days 0, 4, and 7. This found that VPA treated Meg‐01 cells carried higher levels of surface GluN1, GluN2A and GluN2D (Figure [3](#rth212068-fig-0003){ref-type="fig"}A) and released more glutamate (Figure [3](#rth212068-fig-0003){ref-type="fig"}B), implying a link between megakaryocytic differentiation and the glutamate‐NMDAR axis.

![NMDAR expression, glutamate release and NMDAR‐mediated Ca^2+^ responses in differentiated Meg‐01 cells. (A, B) Meg‐01 cells were cultured for 7 days in the presence of 500 μmol L^−1^ VPA or 0.1% DMSO control, after which surface expression of the NMDAR subunits and glutamate release were measured. Bar graphs in A demonstrate MFI readings (mean ± SEM) for the expression of GluN1, GluN2A and GluN2D on the surface of Meg‐01 cells, as determined by flow cytometry in three independent experiments. Bar graphs in B demonstrate glutamate concentrations in media in which Meg‐01 cells were cultured for 4 or 7 days, as indicated. Each bar represents mean ± SEM from three independent experiments for which each media sample was tested in triplicate. RPMI is a stock media sample used for plating. (C‐F) NMDAR‐mediated intracellular Ca^2+^ responses in differentiated Meg‐01 cells. Cells were loaded with Fluo‐4‐AM and intracellular Ca^2+^ levels recorded on a plate reader in response to the following agonists: glutamate 100‐500 μmol L^−1^ (in C) and 400 μmol/L (in D); NMDA -- 50‐200 μmol L^−1^ (in E) and 50 μmol L^−1^ (in F). Line graphs in C.i and E.i show mean relative levels of intracellular Ca^2+^ recorded over 300 seconds calculated from three independent experiments for each condition. Fold change was determined from the average fluorescence values acquired between the 1 and 16 seconds time points before the addition of activators. The bar graphs in C.ii, D.i‐iii, E.ii, and F.i‐ii show mean ± SEM of relative Ca^2+^ levels for the response during the early plateau at 40 seconds under the conditions indicated. The extracellular buffer contained 2.3 mmol L^−1^ CaCl~2~ in all experiments. Error bars are not shown in line graphs for clarity but are displayed for all bar graphs. Ionomycin (5 μg mL^−1^) was used as positive control and buffer or diluent as negative controls. Each experiment was repeated at least three times using cells of different passages. Within each experiment, measurements were taken from triplicate wells. Statistical significance is shown (\**P *\<* *.05; \*\**P *\<* *.01; \*\*\**P *\<* *.001; one‐way ANOVA with Dunnett\'s post‐hoc). MFI, mean fluorescence intensity; ns, non‐significant; VPA, valproic acid](RTH2-2-125-g003){#rth212068-fig-0003}

The NMDAR‐mediated Ca^2+^ fluxes were then examined in populations of differentiated Meg‐01 cells (Figure [3](#rth212068-fig-0003){ref-type="fig"}C‐F). Adherent cells were washed, loaded with Fluo4‐AM and Ca^2+^ fluxes recorded in a buffer containing 2.3 mmol L^−1^ CaCl~2~ using a high‐throughput plate reader. Glutamate (100‐500 μmol L^−1^) and NMDA (50‐200 μmol L^−1^) caused rapid rises in cytoplasmic Ca^2^ levels that stabilized within 30‐50 seconds (Figure [3](#rth212068-fig-0003){ref-type="fig"}C, E). Glutamate induced increasing Ca^2+^ responses from 100 to 500 μmol L^−1^ in a dose‐dependent manner; NMDA effects were weaker but supported specific engagement of the NMDAR. Chelation of extracellular Ca^2+^ with 5 mmol L^−1^ BAPTA inhibited NMDAR‐mediated Ca^2+^ rises (Figure [3](#rth212068-fig-0003){ref-type="fig"}D.i), indicating a requirement for Ca^2+^ entry in the glutamate response. Memantine and MK‐801 also attenuated Ca^2+^ fluxes (Figure [3](#rth212068-fig-0003){ref-type="fig"}D.ii‐iii, F.i‐ii), providing further support for the NMDAR engagement in these responses.

3.4. NMDARs facilitate proplatelet formation by mouse megakaryocytes {#rth212068-sec-0027}
--------------------------------------------------------------------

Motivated by the findings that megakaryocytic NMDARs are functional and impact differentiation of Meg‐01 cells, we proceeded to examine NMDAR contribution in normal mouse megakaryocytes.

Lineage‐negative progenitors were isolated from mouse bone marrow and cultured for 4 days in SFEM II media containing 40 nmol L^−1^ TPO. Over time, control cells increased in size, consistent with megakaryocytic differentiation (Figure [4](#rth212068-fig-0004){ref-type="fig"}A.i). The addition of memantine and MK‐801 restricted cell size increases, suggesting NMDAR involvement in TPO‐driven megakaryocytic differentiation (Figure [4](#rth212068-fig-0004){ref-type="fig"}A.ii‐iii). At the end of cultures, larger cells were enriched on BSA gradient and their state of differentiation examined by flow cytometry. Cells cultured in the presence of memantine and MK‐801 showed less expression of CD41a and lower nuclear ploidy than cells treated with TPO alone (Figure [4](#rth212068-fig-0004){ref-type="fig"}B, C), supporting NMDAR involvement in early megakaryocytic differentiation. In comparison, without TPO, NMDAR antagonists were insufficient to induce megakaryocytic differentiation of lineage‐negative progenitors (Figure [S7](#rth212068-sup-0001){ref-type="supplementary-material"}).

![Effects of NMDAR antagonists on megakaryocytic differentiation from hematopoietic progenitors. Lineage‐negative progenitors were isolated from mouse marrow and cultured for 4 days in SFEM II media supplemented with 40 nmol L^−1^ thrombopoietin. Memantine and MK‐801 were added (both at 100 μmol L^−1^) or 0.1% DMSO control, as indicated. (A) Representative phase‐contrast photomicrographs show the morphology of live cells on days 1, 3, and 4 of lineage‐negative cultures from three independent experiments. Cell morphology has not changed much on day 2 (hence, not shown). In the presence of DMSO (A.i), large, polylobated megakaryocytes dominated on days 3 and 4 (examples are pointed to by black arrowheads). In comparison, megakaryocytic progenitors cultured in the presence of NMDAR antagonists (A.ii‐A.iii), in particular memantine were smaller (as those pointed to by white arrowheads). Scale bar, 100 μm for all. (B, C) Bar graphs showing fold change in the expression of CD41a (in B) and nuclear ploidy (in C) for megakaryocytic cells enriched on BSA gradient at the end of lineage‐negative cultures. Classes of nuclear ploidy are indicated as 2, 4, 8, 16, 32 and 64 N. Data was graphed as mean ± SEM from three independent experiments. Statistical significance is shown (\**P *\<* *.05; \*\**P *\<* *.01; \*\*\**P *\<* *.001). The immunophenotypic data was analyzed by one‐way ANOVA with Dunnett\'s post‐hoc, ploidy by two‐way ANOVA. MFI, Mean Fluorescence Intensity; ns, non‐significant](RTH2-2-125-g004){#rth212068-fig-0004}

Our lineage‐negative cultures produced proplatelets on day 5. Control proplatelets had long, thin and branched shafts, buds and intermediate swellings connected by thin cytoplasmic bridges, as previously described[2](#rth212068-bib-0002){ref-type="ref"} (Figure [5](#rth212068-fig-0005){ref-type="fig"}A.i). Memantine and MK‐801 markedly reduced proplatelet formation in these cultures (Table [1](#rth212068-tbl-0001){ref-type="table"}). In the presence of memantine, proplatelets were virtually not seen; and in the presence of MK‐801, proplatelets were rare, short and distorted, including looping forms. In addition, large cytoplasmic vacuoles also developed within the cell bodies of megakaryocytes (Figures [5](#rth212068-fig-0005){ref-type="fig"}A.ii‐iii and [S8](#rth212068-sup-0001){ref-type="supplementary-material"}).

![Proplatelet formation in mouse megakaryocytes cultured in the presence of NMDAR antagonists. (A) Proplatelets were observed in cultures of: (A) lineage‐negative bone marrow progenitors; (B) CD41a‐enriched megakaryocytic precursors; (C) bone marrow explants. Memantine and MK‐801 were used at 100 μmol L^−1^ or 0.1% DMSO control, as indicated. Morphology of live cells was monitored using phase‐contrast. The following features of normal proplatelets are indicated in A.i: thin branched proplatelet shafts (yellow arrows), proplatelet buds (yellow arrowheads) and intermediate swellings (blue arrowheads). In all culture types, when memantine was present, most megakaryocytes remained spherical and proplatelets did not form (black arrowheads). In the presence of MK‐801, rare proplatelets were seen but these remained short and disorganized (black arrows). In addition, large cytoplasmic vacuoles were seen in cultures containing NMDAR antagonists (white arrowheads). (D) F‐actin was stained in megakaryocytic cells generated in lineage‐negative cultures and enriched on Percoll gradient. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton‐X, stained using Alexa Fluor 488 Phalloidin and counter‐stained with Hoechst 33258. (D.i) The following signs of actin reorganization are pointed to in the presence of DMSO: peripheral enhancement (red arrow), focal complex formation (red arrowheads) and peripheral fibre extensions (green arrowhead). (D.ii) Staining of actin in megakaryocytes that matured in the presence of MK‐801 showed no obvious features of polymerization (green arrow highlights diffuse intracellular staining). Images are representative of three independent experiments. Scale bars, 100 μm for all](RTH2-2-125-g005){#rth212068-fig-0005}

###### 

Effects of NMDAR antagonists on proplatelet formation

  Culture type                                                           Numbers of megakaryocytes forming proplatelets   *P*‐value           
  ---------------------------------------------------------------------- ------------------------------------------------ ----------- ------- --------
  Lineage‐negative progenitors[a](#rth212068-note-0002){ref-type="fn"}   12 ± 5                                           0           3 ± 1   \<.01
  CD41a‐enriched precursors[b](#rth212068-note-0003){ref-type="fn"}      6 ± 2                                            0           2 ± 1   \<.05
  Bone marrow explants[c](#rth212068-note-0004){ref-type="fn"}           28 ± 1                                           0           2 ± 1   \<.001

Numbers of megakaryocytes producing proplatelets were counted at completion of each culture type. Counts are mean ± SEM from three independent experiments for each culture type.

Counts are per well in 6‐well plates.

Counts are per well in 24‐well plates.

Counts are per chamber containing eight explants. *P‐*values indicate a difference between the modulator and the DMSO control calculated by one‐way ANOVA with Dunnett\'s post‐hoc.

John Wiley & Sons, Ltd

The impact of memantine and MK‐801 on proplatelet formation was so striking that we sought confirmation in cultures of CD41a‐enriched precursors. CD41a‐positive cells were cultured for 3 days in the presence of 30 nmol L^−1^ of TPO (Figure [5](#rth212068-fig-0005){ref-type="fig"}B). Similar to their effects in lineage‐negative cultures, memantine abrogated proplatelet formation from CD41a‐positive precursors (Table [1](#rth212068-tbl-0001){ref-type="table"}; Figure [5](#rth212068-fig-0005){ref-type="fig"}B.ii). Rare proplatelet‐bearing megakaryocytes were seen in the presence of MK‐801, but these were stunted without proper proplatelet branching seen in controls (Table [1](#rth212068-tbl-0001){ref-type="table"}; Figures [5](#rth212068-fig-0005){ref-type="fig"}B.iii and [S8](#rth212068-sup-0001){ref-type="supplementary-material"}).

Bone marrow explants were used next to confirm NMDAR effects in the native bone marrow milieu (with no exogenous TPO added; Figure [5](#rth212068-fig-0005){ref-type="fig"}C). Mouse femurs were dissected, bone marrow cores flushed out, cut into slices, and cultured in hypoxic chambers over poly‐L‐lysine‐coated slides. Similar to other cultures, no proplatelets arose from explants exposed to memantine and cytoplasmic vacuoles were frequent (Table [1](#rth212068-tbl-0001){ref-type="table"}; Figure [5](#rth212068-fig-0005){ref-type="fig"}C.i). Rare proplatelets that formed in the presence of MK‐801 were short and contorted (Figure [S8](#rth212068-sup-0001){ref-type="supplementary-material"}).

We hypothesized that abnormal proplatelet formation in the presence of memantine and MK‐801 reflected a defect in the cytoskeleton reorganization. Previous work showed that extracellular Ca^2+^ entry regulates actin polymerization,[23](#rth212068-bib-0023){ref-type="ref"} so we stained cells with phalloidin to visualize actin fibers (Figures [5](#rth212068-fig-0005){ref-type="fig"}D and [S9](#rth212068-sup-0001){ref-type="supplementary-material"}). Control megakaryocytes displayed obvious signs of actin reorganization, including peripheral enhancement of staining, focal complex formation, and peripherally extending filaments (Figure [5](#rth212068-fig-0005){ref-type="fig"}D.i). In contrast, cells cultured in the presence of MK‐801 showed little signs of actin reorganization (Figures [5](#rth212068-fig-0005){ref-type="fig"}D.ii and [S9](#rth212068-sup-0001){ref-type="supplementary-material"}), implying NMDAR involvement in this process.

Further analysis of bone marrow explant cultures raised a possibility that NMDARs contribute to megakaryocyte migration. Memantine reduced numbers of megakaryocytes migrating out of explants (*P *=* *.03; Figure [6](#rth212068-fig-0006){ref-type="fig"}A, B). However, this was not found for MK‐801; therefore, firm conclusions could not be drawn and further work is required to investigate NMDAR involvement in cell migration.

![Bone marrow explant cultures and NMDAR expression in cultured cells. (A) Bone marrow explants were isolated from mice femurs and cultured at 37°C in gaskets containing Tyrode\'s buffer supplemented with 5% mouse serum. Memantine and MK‐801 were added at 100 μmol L^−1^; control cultures contained 0.1% DMSO. Phase‐contrast photomicrographs are shown taken at 3 hours into cultures. Three independent experiments were performed for each condition, representative images are shown. Arrowheads point to megakaryocytes that migrated out of explants; those indicated by white arrowheads already produced cytoplasmic protrusions. Scale bars, 100 μm. (B) Bars indicate numbers of megakaryocytes that migrated out of explants. (C) RT‐PCR results demonstrate expression patterns for all NMDAR subunits in early and late mouse megakaryocytes. Early megakaryocytes were a pool of precursors generated in the presence of thrombopoietin from lineage‐negative progenitors. Mature megakaryocytes were isolated from mouse bone marrow on Percoll gradient, followed by immunomagnetic selection of CD41a‐expressing cells. All PCR reactions were performed in triplicates using 2‐3 independent biological samples](RTH2-2-125-g006){#rth212068-fig-0006}

Finally, we confirmed that primary megakaryocytic cells we modulated in culture carried NMDAR subunits. GluN1 and GluN2A were expressed in early megakaryocytic precursors derived from lineage‐negative progenitors (Figure [6](#rth212068-fig-0006){ref-type="fig"}C). Other NMDAR subunits, except for GluN2B and GluN3A, were also expressed in enriched mature megakaryocytes (Figure [6](#rth212068-fig-0006){ref-type="fig"}C). One can speculate that different NMDAR subunits may be influencing distinct NMDAR effects in early and late megakaryocytes.

4. DISCUSSION {#rth212068-sec-0028}
=============

This study demonstrates that NMDAR‐mediated Ca^2+^ influx is required for in vitro differentiation of normal mouse megakaryocytes, in particular for proplatelet formation. This is in contrast to the predominant anti‐differentiating effects of active NMDARs in untreated Meg‐01 cells. We found that upon VPA treatment, NMDAR expression and glutamate release increased in Meg‐01 cells, compared with controls. In keeping with this, inhibiting NMDAR function with standard antagonists (memantine and MK‐801) reduced pro‐differentiating effects of PMA and VPA. However, Meg‐01 cells not exposed to PMA or VPA but treated with NMDAR antagonists also exhibited differentiation. In comparison, in normal, immature mouse megakaryocytes (derived from lineage‐depleted and CD41a‐enriched progenitors), inhibition of NMDAR function reduced acquisition of CD41a and nuclear ploidy. Further, in mature mouse megakaryocytes (derived from bone marrow explants and ex‐culture), the presence of memantine and MK‐801 inhibited proplatelet formation.

The seminal evidence that NMDARs are involved in megakaryocytic differentiation was published in 2003,[31](#rth212068-bib-0031){ref-type="ref"} but there have been no further reports. The 2003 publication described that human megakaryocytes grown in the presence of MK‐801 were smaller and produced no proplatelets, compared with control cells grown without MK‐801.[31](#rth212068-bib-0031){ref-type="ref"} Results from our study are in agreement and contribute a more detailed picture of the NMDAR involvement in megakaryocytic differentiation.

Intriguingly, the proplatelet defect resulting from NMDAR inhibition resembled those previously reported in the presence of cytoskeletal disrupting agents. Nocodazole, that disrupts microtubules, prevents elaboration of proplatelets; cytochalasin B, an inhibitor of actin polymerization, reduces proplatelet branching.[2](#rth212068-bib-0002){ref-type="ref"}, [44](#rth212068-bib-0044){ref-type="ref"} Our results suggest a link between NMDAR function and the cell cytoskeleton in megakaryocytes, as it is also known to occur in neurons. NMDARs interact with actin and microtubules to physically re‐shape neurons in response to neuronal firing,[45](#rth212068-bib-0045){ref-type="ref"}, [46](#rth212068-bib-0046){ref-type="ref"} including formation of cytoplasmic filopodia and dendritic spines.[47](#rth212068-bib-0047){ref-type="ref"}, [48](#rth212068-bib-0048){ref-type="ref"} There are also other examples of a similar link in non‐neuronal cells. In renal podocytes, NMDARs re‐shape cellular foot processes that regulate glomerular filtration.[49](#rth212068-bib-0049){ref-type="ref"} To link with the cytoskeletal elements, neuronal NMDARs require post‐synaptic density (PSD) proteins such as PSD‐95 and Yotiao[32](#rth212068-bib-0032){ref-type="ref"}; both of these are expressed in megakaryocytes[31](#rth212068-bib-0031){ref-type="ref"}; hence these cells contain the molecules to support such interactions. We speculate that NMDAR effects on earlier stages of megakaryocytic differentiation (acquisition of CD41a and nuclear ploidy) involve other downstream mediators, in particular Nuclear Factor of Activated T‐cells (NFAT).[50](#rth212068-bib-0050){ref-type="ref"} The calcineurin‐NFAT pathway responds to subtle changes in intracellular Ca^2+^ levels to inhibit progenitor proliferation and increase megakaryocytic differentiation[51](#rth212068-bib-0051){ref-type="ref"}; therefore, NFAT regulation by NMDAR‐mediated Ca^2+^ influx warrants testing in megakaryocytes.

This study has a number of limitations. Our observations were obtained in cell culture, and culture media contain ample amounts of glutamate: 136 μmol L^−1^ in RPMI‐1640 and 510 μmol L^−1^ in SFEM II---manufacturer\'s specifications were confirmed (Figure [3](#rth212068-fig-0003){ref-type="fig"} and in[39](#rth212068-bib-0039){ref-type="ref"}). In contrast, glutamate signals in vivo are likely to be spatially restricted and dynamically regulated. Previous work demonstrated that glutamate is released from megakaryocytes[52](#rth212068-bib-0052){ref-type="ref"} and osteoblasts.[53](#rth212068-bib-0053){ref-type="ref"} We did not repeat these experiments but acknowledge that further testing of glutamate release would be of interest, in particular in the native bone marrow environment. The mechanism through which NMDAR activity regulates megakaryocyte maturation requires elucidation. Our results suggest that in late megakaryocytes, NMDAR‐mediated Ca^2+^ entry impacts reorganization of the cell cytoskeleton, but more precise characterization will need to follow. In comparison, other downstream targets may be contributing in early megakaryocytes; we suggest examination of a link with calcineurin‐NFAT pathway may be informative. Possible involvement of NMDARs in megakaryocyte migration requires verification. Future studies should include trans‐well migration assays that incorporate both glutamate modulators and components of extracellular matrix not present in our cultures. We accept that off‐target effects, including non‐specific perturbations in Ca^2+^ homeostasis cannot be excluded for chemical modulators; hence, genetic confirmation of our findings is being pursued. Meg‐01 cells are not truly megakaryocytic so the differences in Ca^2+^ effects between Meg‐01 and primary megakaryocytic cells could be a feature of the Meg‐01 cell line; studies in other leukemia models and patient cells will need to follow.

Based on previous and our data, we expect that the following sequence of events applies in normal megakaryocytes. Engagement of surface receptors by ligands or matrix components activates phospholipase C (PLC). PLC generates inositol 1,4,5‐triphosphate (IP3) that binds to IP3 receptors on the ER leading to the release of Ca^2+^ from its stores. The emptying of the ER stores triggers SOCE that occurs mostly through the ORAI1 channels activated by STIM1.[18](#rth212068-bib-0018){ref-type="ref"}, [24](#rth212068-bib-0024){ref-type="ref"} We suggest that NMDARs contribute to SOCE, which in early progenitors curtails proliferation while later in differentiation, drives proplatelet formation. In contrast to pro‐differentiating effects in normal megakaryocytes, NMDAR pathways in leukemic cells inhibit differentiation and increase proliferation (Figure [7](#rth212068-fig-0007){ref-type="fig"}). Intriguingly, inhibition of NMDAR activity in leukemic cells using modulators such as memantine reverses the hijacking effect and induces differentiation, suggesting an anti‐leukemic strategy for further testing.

![Schematic highlighting NMDAR effects in normal and leukemic megakaryocytes. In normal megakaryocytes, NMDAR activity increases upon cell differentiation and supports proplatelet formation (orange shapes). In contrast, in leukemic Meg‐01 cells NMDAR activity inhibits differentiation and increases proliferation (red shapes). NMDAR antagonists, including memantine, which is an existing neurological drug, induces partial differentiation of Meg‐01 cells (blue arrow) associated with distinct cytoplasmic vacuoles (black arrowhead)](RTH2-2-125-g007){#rth212068-fig-0007}

In summary, our results indicate that active NMDARs are required for in vitro differentiation of normal mouse megakaryocytes, in particular proplatelet formation. However, in Meg‐01 cells, NMDAR pathways are involved in de‐differentiation and proliferation. The pro‐differentiating effect of NMDAR antagonists in leukemic Meg‐01 cells suggests a diversion of Ca^2+^ pathways towards proliferation, also reported in other cancers.[54](#rth212068-bib-0054){ref-type="ref"}, [55](#rth212068-bib-0055){ref-type="ref"} Our further studies will examine samples from patients with ET, PMF, and megakaryoblastic leukemia to closer characterize Ca^2+^ remodelling in disease.
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